The cell-free supernatants of normal spleen and thymus lymphocytes in short-term culture release low molecular weight (LMW) DNA protein molecules that have an immunoproliferative effect (polyclonal B cell activation) in vitro. We have determined that the protein-LMW DNA complexes responsible for these effects are nucleosomal constituents of chromatin, since the mitogenically active fractions of these cell-free supernatants contain the constituents of core histones (H3, H2A, H2B, H4) together with LMW DNA (140-180 bp), and since the immunoproliferative effects of these cell-free supernatants could be mimicked by various other nucleoprotein preparations (including calf thymus and chicken erythrocyte nucleosomes). The spontaneous cellular release of cleaved chromatin constituents in vitro can be attributed to a form of programmed cell death termed apoptosis, since the cultured spleen cells exhibited (a) morphologic evidence consistent with this process by electron microscopy, and (b) evidence of intracellular cleavage of chromatin which, like apoptosis, could be blocked with ZnSO4. This resulted in inhibition of the extracellular release of nucleosomal constituents as well as the immunoproliferative effects of the cell-free supernatants. The immunoproliferative effect of nucleosomes released from cells during apoptosis could be responsible for previously observed spontaneous in vitro anti-DNA and anti-histone antibody responses of murine spleen cells, and in vivo in normal lymphoid tissues, resulting in renewed cellular proliferation after cell death. In pathological states, this could result in abnormal polyclonal B cell proliferation and autoantibody formation. (J. Clin. Invest. 1990.
Introduction
Although it is well established that anti-DNA autoantibodies play an important role in the development of systemic lupus ofthis antibody response are still not clearly established. However, a number of different studies have revealed that the potential to produce anti-DNA antibodies exists in normal individuals (1) (2) (3) , and through the analysis of common anti-DNA idiotypes in normals and SLE (4, 5) it may be concluded that Ig genes often of germline origin (6) encoding this response in SLE are shared with normal individuals. It is not yet clear, however, whether the expansion of B cells with this potential, leading to the expression of anti-DNA antibodies in SLE patients, occurs under the influence of antigen or immunogenic epitopes that crossreact with DNA, or nonspecifically by endogenous polyclonal B cell activators.
As an approach to assessing some of these problems, we have studied the factors responsible for the induction and regulation of an in vitro anti-DNA antibody response shared with normal or autoimmune spleen cells of mice (1, 7, 8) . We have noted in these studies that the cell-free supernatants of these cultured murine lymphoid cells contain DNA-related immunogenic factors which might play a role in the induction of anti-DNA antibody responses (7) . A low molecular weight (LMW) protein-free DNA molecule extracted from these culture supernatants, when injected into mice or added to cultures of murine spleen cells, specifically induced or augmented anti-DNA antibody responses, but had no effect on other unrelated antibody responses (8) . This remarkable immunogenic property of LMW DNA distinguished it from DNA molecules oflarger size (> 300 bp) known to be nonimmunogenic. The LMW DNA appeared to act by stimulating TH cells, although the basis for this effect has not been determined. A second LMW DNA-related immunogenic factor, soluble polyclonal B cell activator (sPBA), with somewhat different properties was also identified in the cell-free supernatants of cultured spleen cells of both normal and autoimmune mice (9) . This DNA protein-containing factor, which lacked properties of IL-1 or IL-2, could also augment anti-DNA antibody responses, but its effects could only be abrogated with DNase plus protease, and its ability to augment anti-DNA antibody responses appeared to result from its direct mitogenic influence on B cells, resulting in a polyclonal antibody response in vitro. On the basis of these different effects produced by these DNA-related molecules, we considered that the mitogenic effect of the second factor (sPBA) depended on the existence of its associated protein moiety, which conferred on the LMW DNA associated with it a more general immunoproliferative effect.
Since sPBA contained both LMW DNA (< 160-180 bp) and a protein moiety, we considered that this second factor represented the core nucleosomes of chromatin released spontaneously in the culture supernatant. The LMW DNA in core nucleosomes has a molecular weight similar to that present in the factor, and surrounds a histone octomer that could protect the DNA from direct nuclease digestion in vitro (10) . The present studies, which confirm this hypothesis and reveal that the constituents of these immunogenic supernatants contain core histones in association with LMW DNA, also show that purified core nucleosomes isolated from different sources share the immunogenic properties of sPWA. In addition, the present studies provide evidence that constituents of core nucleosomes are released from cultured murine lymphoid cells spontaneously in a manner similar to a form of programmed cell death termed apoptosis (1 1), previously shown to occur morphologically in normal tissues in vivo (12) . The inhibition of this process by the addition of ZnSO4 blocked the cellular release of the DNA and histone constituents of sPBA into the cell-free supernatant and resulted in the complete abrogation of the immunoproliferative effects of these supernatants.
Methods Mice
NZW, NZB, DBA/2J, and C57B16/J mice were obtained from Jackson Laboratory, Bar Harbor, ME. DBA/2J, C57B16/J, and B/W hybrid mice were bred from these parent strains in our laboratory. PWM (Gibco Laboratories) was diluted in MEM to develop concentrations for optimal stimulation of human lymphoid cells. sPBA isolation has been described previously (9) . Briefly, single cell suspensions of mouse spleen cells or thymocytes in HBSS (Gibco Laboratories) were cultured at 1.5 X 106 lymphoid cells/ml of serum-free Eagle's MEM (Gibco Laboratories) with 10 mM Hepes, pH 7, 2 mM glutamine, 1 mM sodium pyruvate, and 0.1 tg/ml gentamycin. 3 or 4 d after culture initiation cells were pelleted by centrifugation, and the cell-free supernatant was passed through a 0.45-Arm membrane (Nalge Co., Rochester, NY). These filtered supernatants were dialyzed with a 100-fold volume of 0.85% saline through a PM 30 (14) .
Antigens and mitogens
Chicken erythrocyte core mononucleosomes were the gift of Dr. Peter N. Lewis, Department of Biochemistry, University of Toronto, and were prepared as follows: The nucleosomes were isolated by solubilizing chromatin from purified chicken erythrocyte cell nuclei with micrococcal nuclease (15). The solubilized chromatin was then stripped of HI and H5 histones and nonhistone proteins by gel filtration on Bio Gel P100 in 10 mM Tris-HCl and 0.65 M NaCl. The H l/H5-stripped chromatin was then redigested with micrococcal nuclease and mononucleosomes were isolated by gel filtration on Sephacryl S-300 eluted with 10 mM Tris-cacodylate and 0.7 mM EDTA, pH 7.4. Cacodylate was toxic and could be removed by extensive dialysis (1,000-fold dialysis four times vs. 5 mM saline) or by precipitating the nucleosomes from Tris-cacodylate buffer with 15 mM MgCI2. However, only the MgCI2 precipitation yielded sPBA-like activity. Naked DNA was prepared from these preparations as previously de- scribed (8) .
The DNA concentration of each preparation used was estimated using a modification of the diphenylamine method (16) . Calf thymus DNA at various concentrations up to 100 ,ug/ml was used to develop a standard curve for this assay.
SDS gel electrophoresis
The Laemmli SDS polyacryalmide gel system modified for improved resolution of histones by Thomas and Kornberg (17) was used in a Protean II apparatus (Bio-Rad Laboratories, Richmond, CA). The stacking gel was 4% acrylamide (Bio-Rad Laboratories) and 0.2% bisacrylamide (Bio-Rad Laboratories). The resolving gel was 18% acrylamide and 0.09% bis-acrylamide.
Protein molecular weight markers consisting of insulin (3,000 mol wt), bovine trypsin inhibitor (14,300 mol wt), y-lactoglobulin (18, 400 mol wt), a-chymotrypsin (25,700 mol wt), and ovalbumin (43,000 mol wt) were obtained from Bethesda Research Laboratories, Gaithersburg, MD. The chicken erythrocyte core histone marker was prepared by Dr. P. N. Lewis (15) as described previously. Individual calfthymus histone preparations of HI, H3 with some H2A, and H4 were processed by Dr. Jit Gohill, University of Calgary, as previously described (18) . sPBA and SNH histones were isolated as previously described (19) . The gels were run at 20 mA for 6 h at a constant current and stained in brilliant blue R250 (Sigma Chemical Co.) (19 Mishell-Dutton system with 10% CO2 in room air at 370C (9) . After culture the cells were pelleted, washed once with HBSS, and resuspended at 2-4 X I05 viable cells/ml in HBSS, prepared for the antibody assay (see below).
Mitogenic responses of mouse spleen cells were assayed as described previously (9) , except that serum-free RPMI was used since it permitted a superior response. 5 Antibody assay ofcultured lymphoid cells. Ig synthesis of murine lymphoid cells in culture was quantitated using a hemolytic PFC assay in which Staphylococcal aureus protein A (protein A) was coupled to indicator SRBC to measure total Ig PFC (13) . 100 ul of 2-4 X I01 viable cells were mixed with 50 ,d of 10%6 protein A-coupled SRBC in HBSS and 400 jd of heated (40'C) 0.4% agarose (sea plaque; FMC Corporation, Rockland, ME) on a microscope slide. The plaques were developed at 370C in a humid atmosphere in the presence of a 1:50 dilution of goat anti-mouse Ig (DAKOPATTS, Copenhagen, Denmark) for 90 min, followed by a 45-min incubation with 5% hemlo guinea pig complement (Cedarlane, Toronto, Ontario, Canada). The number of plaques was enumerated directly, using a magnifying glass. Controls consisting of SRBC without protein A, or protein A-coupled SRBC without lymphoid cells were < 1% ofthe background responses.
Inhibition of apoptosis with ZnSO4. A single cell suspension of mouse spleen or thymus cells was prepared as previously described for mitogen, plaquing, and sPBA isolation. 10 X 106 viable cells/ml in 15-ml 25100-25 flasks (Coming Glass Works, Coming, NY) were incubated for 2 h in MEM with 0.01 mCi/mI of [3H]thymidine (Amersham Corp.). Cells were cultured in 10% CO2 at 37°C on a rocking platform. Cells were pelleted, washed once with HBSS, and resuspended at 1.5 X 106 cells/ml in MEM with 10% FCS and the required amount of ZnSO4. Triplicate cultures were incubated, and at different time periods of incubations l-ml samples were removed from each culture for testing. In triplicate, the cells were pelleted and washed once with HBSS. In the first set of experiments the supernatants were filtered through a 0.22-,um syringe filter and 0.5 ml was precipitated with ice-cold 12.5% TCA onto GF/A filters (Whatman Laboratory Products Inc., Clifton, NJ), washed twice with 10% TCA, and washed twice more with cold 70% ethanol. After drying, the counts per minute of [3H]thymidine were determined. The mean and standard deviation of counts per minute of [3Hlthymidine for the three supernatants was then calculated. The relative proportion of high molecular weight (HMW) and LMW intracellular DNA was determined after first lysing the cells to obtain intracellular DNA. The labeled DNA that was pelleted at 27,000 g for 30 min was considered to be HMW DNA, while the DNA left in the supernatant after this centrifugation was considered to be LMW DNA. The HMW DNA was considered to represent uncleaved chromatin and the LMW DNA was considered to represent cleaved chromatin. The HMW chromatin fraction was resuspended in 10 mM Tris and 1 mM EDTA, pH 8. Both sets of samples in triplicate for each time point were then TCA precipitated and prepared as described with sPBA onto GF/A filters. The mean and standard deviation of counts per minute of [3Hjthymidine of each set were then calculated (standard deviations were 10% of the mean or less) and the relative proportion of HMW DNA (pelleted chromatin) vs. LMW (nonpelleted chromatin) was determined. The following is an example of how the percentage ofsupernatant LMW DNA and the intracellular HMW and LMW DNA were calculated: % supernatant (S/N) LMW DNA mean cpm S/N LMW uncleaved chromatin mean cpm S/N LMW cleaved chromatin + mean cpm HMW uncleaved chromatin + mean cpm intracellular LMW chromatin In some experiments cells were incubated with ZnSO4 to attempt to block the release of sPBA. In these experiments normal mouse spleen cells were cultured as described before for the preparation ofsPBA with a few crucial changes. The cells were grown in MEM with 10% FCS, 2 mM glutamine, I mM sodium pyruvate, 0.1 mM nonessential amino acids, 0.1 g/ml gentamycin, and a given concentration of ZnSO4 (0, 0.01, 0.1, 0.25, 0.5, and 1.0 mM ZnSO4). Control cultures contained medium with no ZnSO4 and no cells. The > 30-kD sPBAs were then dialyzed vs. 0.9% saline (1,000:1, changed four times). These samples were then used as a source of sPBA in the mitogen assay described previously.
Morphologic assessment ofcultured mouse spleen and thymocytes for evidence of apoptosis. Mononuclear cells from normal DBA/2 mouse spleen and thymus were prepared as described for cell cultures. Noncultured cells were left in medium for 2 h only, and cultured cells were suspended in the same medium for 24, 48, or 72 h. The noncultured cells were left in the refrigerator overnight in fixative. Cells were fixed for -1 h in 1.5% gluteraldehyde made up in 0.1 M phosphate buffer. They were washed three times in 0.1 M phosphate buffer, postfixed for I h at room temperature in buffered 1% OsO4, washed twice with distilled water, dehydrated using graded ethanol series, infiltrated with Spurr resin, and polymerized at 60'C overnight. Blocks were sectioned and sections were stained with 1% aqueous uranyl acetate and Reynolds lead citrate.
Statistical analysis. Statistical analysis used the paired t test to determine significant differences in paired samples.
Results

Nucleohistones mimic the mitogenic effects ofsPBA
In a previous report it was observed that the mitogenic effects of sPBA were abrogated by combined DNase and protease (or trypsin) digestion together, suggesting that its effect was dependent on a DNA/protein moiety. Since the LMW DNA present in sPBA is similar to the LMW DNA ofcore mononucleosomes, it was reasoned that sPBA might represent nucleosomes. Experiments were therefore undertaken to determine if the mitogenic effects of sPBA could be mimicked by isolated purified nucleohistone preparations. The mitogenic effect of sPBA was compared with nucleohistones from a variety of sources, including a commercial preparation of SNH (Sigma Chemical Co.) and nucleosomes isolated from both calf thymus and chicken erythrocytes. Fig. 1 These experiments, therefore, indicate that the mitogenic effect of sPBA could be mimicked by these nucleohistone preparations, and that the mitogenic effects of these preparations were dependent on the presence of an associated protein (histone) moiety. Isolated nucleosome preparations were also mitogenic for spleen cells, and the dose-response curves paralleled those obtained with sPBA. Fig. 2 (Fig. 4) . In the absence of ZnSO4 (Fig. 4 A) , and using sedimentation criteria as an indication of chromatin cleavage, at 2 and 5 h HMW DNA constituted 80 and 50%, respectively, of the labeled intracellular DNA, and this proportion of intracellular DNA in the HMW fraction progressively declined by 72 h. In contrast, during the same time period an increasingly greater amount ofthe labeled intracellular DNA was found in the LMW fraction (at 24 h of culture 50% of the intracellular DNA was in the LMW fraction). In contrast to this, in the supernatant cell-free fractions, labeled DNA was identified as early as Fig. 4 , B and C demonstrate the effects of preculturing spleen cells with ZnSO4. In these experiments cells were first pulsed at time 0 with [3Hjthymidine as before, and 2 h later the pulsed cells were washed and resuspended in MEM containing 10% FCS with 1 mM (Fig. 4 B) or 5 mM (Fig. 4 C) ZnSO4 . Fig. 4 4 shows that in those cells pre-exposed to 1 mM ZnSO4 (Fig. 4 B (Fig. 4 C) . Parallel results were obtained in experiments in which DNA containing chromatin was obtained directly from nuclear rather than whole cell lysates (data not shown). 5 shows the results ofthe ethidium bromide agarose gel electrophoresis of DNA obtained from the nuclear lysates of cells cultured in the presence or absence of 1 mM ZnSO4 over different time periods and DNA from the corresponding extracellular supernatant. These experiments that confirm the previous sedimentation studies (Fig. 4) show that virtually all of the intracellular DNA detected in 2-h pulsed cells is HMW DNA (> 2 kb as shown in lane 2), while the DNA obtained from nuclear lysates of cells pulsed for 4-72 h (lanes 3-5) revealed increasingly greater amounts of DNA of lower molecular weight. The DNA from the supernatant of cells cultured for 24-72 h (lanes 6-8) was predominately of relatively low molecular weight and between 123 and 246 bp in size. In contrast to this, virtually all of the detectable DNA from nuclear lysates of cells cultured in the presence of 1 mM ZnSO4 (lanes 10-12) appeared to be > 2 kb, and none could be detected in the 24-72-h supernatants (lanes 13-15) . Taken together, these data imply that while nuclear chromatin DNA from cells cultured 24-72 h underwent spontaneous cleavage in vitro, in the presence of 1 mM ZnSO4 most if not all of the nuclear DNA remained in a high molecular weight noncleaved format and was not released into the supernatant. This was demonstrated by both the sedimentation properties of [PH]-thymidine-labeled DNA at different times of culture shown in the pulse-chase experiments and by the molecular size of the DNA from the nuclear lysates from cultured cells revealed in agarose gels stained with ethidium bromide. These zinc-pretreated cells also failed to release the histone constituents of core nucleosomes (data not shown).
Functional studies. Since ZnSO4 appeared to block the spontaneous intracellular cleavage of chromatin DNA and its release into the cell-free supernatant, experiments were undertaken to evaluate whether inhibition of the apoptotic cleavage of chromatin DNA with ZnSO4 also had a parallel inhibitory effect on the immunoproliferative response to released sPBA in the supernatant. In the first ofthese experiments spleen cells were cultured for 96 h in medium with or without 1 mM ZnSO4. The cell-free supernatants from these cultures were dialyzed extensively against 0.9% saline to remove Zn2+, and were then added at an optimal predetermined mitogenic con- (Fig. 6) . Supernatant from cells precultured with concentrations ofZnSO4 equal to or less than the reported extracellular Zn2+ concentration (25) reported in normal tissue fluid (0.1 mM or less) had no blocking effect and supported enhancement of Ig synthesis. This effect of pretreatment of cells with ZnSO4 was not due to the direct effect of ZnSO4 or other potentially suppressive molecules > 30 kD carried over to the fresh cultured cells since the immunoproliferative effect on these cells by dialyzed sPBA-free supernatants could be restored with the addition of fresh sPBA.
The foregoing experiments taken together thus indicate that ZnSO4, at concentrations greater than normally expected in the extracellular fluid (> 0.1 mM), are capable of blocking cleavage of chromatin DNA and the release from cells of LMW chromatin DNA and core histones. This inhibition of release of LMW chromatin DNA and histones was accompanied by a parallel loss in the immunoproliferative effects ofthis supernatant factor (sPBA). mM Zn S04 Figure 6 . The influence of ZnSO4 on the release of sPBA activity from normal mouse spleen cells. Normal Morphologic analysis ofcultured mouse spleen or thymic lymphoid cellsfor evidence ofapoptosis (Fig. 7) .
Mononuclear cells form normal mouse spleen and thymus were cultured to determine whether changes typical of apoptotic cell death could be detected. The cells were cultured under the same conditions as those used to label cells with [3H~thymidine to detect cleavage of intracellular and extracellular chromatin. Noncultured cells were suspended in medium for 2 h and cultured cells were suspended in the same medium for varying periods of time, up to 72 h. Fig. 7 reported previously among cells undergoing apoptotic cell death, including condensation of nuclear chromatin and its concentration or polarization against the nuclear membrane in some instances (mouse thymus), revealing a typical crescentic pattern. These changes are typical of those described by others for cells undergoing apoptotic programmed cell death (26) .
Discussion
Normal and preautoimmune murine splenic lymphoid cells cultured in vitro in the absence of added antigen spontaneously produce anti-DNA and antihistone antibodies (1, 27) .
The present experiments provide evidence that important stimuli for the in vitro anti-DNA response, previously attributed to a > 30 kD DNA-protein factor (sPBA) spontaneously released by these cultured murine lymphoid cells (9) , are the nucleosome constituents of chromatin. These LMW DNAhistone complexes can be identified early in cell-free supernatants of these cultured cells. Moreover, the immunoproliferative effects of sPBA can be mimicked by isolated, purified nucleosomes from several different sources, including chicken erythrocytes and calf thymus. PAGE revealed that sPBA contains core histone constituents of nucleosomes similar to those present in these additional purified nucleosomal preparations. sPBA also contains LMW DNA revealed by ethidium bromide agarose gel electrophoresis. We also present evidence that these nucleosomes are released by cultured spleen cells through a process similar to the active form of programmed cell death, termed apoptosis (1 1). This process has been described both in vitro and in vivo in both rodent and human lymphoid and nonlymphoid tissues. Morphologic evidence for this process is shown here with changes in nuclear chromatin in thymic and splenic lymphoid cells consistent with changes described by others in cells undergoing apoptotic cell death (26) . The spontaneous cellular release of intact mono-and dinucleosomes shown to result from this process has been shown to be dependent on the presence of Ca2+Mg2+-dependent endonuclease cleavage of internucleosomal linker DNA in chromatin (23) . Zinc has been reported to block the effects of endonuclease and hence block the cleavage and extracellular release of cleaved chromatin in the form of mono-and dinucleosomes (23 (18, 32) , is also a compelling argument for the potential immunoproliferative effect of nucleosome immunogenic factors in this disorder. A recent report has also indicated the existence of nucleosomes in the plasma of normals and SLE patients (33) with much higher concentrations in SLE. These observations are consistent with the possibility that in vivo, DNA in the context of nucleosomes released from dying cells by apoptosis may be protected from exonuclease digestion as shown here, persist in the circulation or other tissue sites, and provide an important immunogenic or mitogenic stimulus for B cells.
The foregoing considerations indicate that further studies are warranted to evaluate the normal and abnormal regulation of apoptotic cell death and the specific way in which nucleosomes may influence cell proliferation in normals as well as in disease states where polyclonal lymphocyte activation is present.
